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Abstract
This thesis deals with the scope and prospects of the novel technology for electrospray

printing to process polymers for liquid filtration membrane applications. First, the ability to
explore novel reaction media to tune polyamide properties was demonstrated. Aromatic
polyamides for reverse osmosis membranes are made by interfacial polymerization.
Conventionally, interfacial polymerization is an in situ polycondensation of a diamine and an acid
chloride conducted on a porous support at the interface of two immiscible solvents. Using
electrospray printing, different solvent media were used to print polyamides on to ultrafiltration
support membranes. It was observed that polar protic solvents formed membranes with moderate
to high rejections and polar aprotic solvents formed membranes with high permeance and low
rejections. Membranes made with 50% v/v methanol aqueous mixture performed well with water
permeance and salt rejection comparable to some reported interfacially synthesized polyamides.
These results can be used to tailor polyamide properties for membranes for different liquid
filtration applications. Second, this technique was used to process zwitterionic copolymer into
ultra-thin membrane selective layers. Membranes made by electrospray printing had exceptionally
high permeances of 205 LMH/bar whereas membranes made by the conventional process of
solvent casting had permeances of 5.9 LMH/bar. These membranes exhibited rejections similar to
the membranes made by the conventional methods. Third, the ability of additive electrospray
printing was demonstrated to form composite membranes. An ultra-thin zwitterionic copolymer
film with high permeability was printed as an anti-fouling coating on commercial membranes to
increase their lifetime. However, the organic solvent-polyamide interaction reduced the permeance
of these composite membranes. This was mitigated by a simple post-treatment washing step. This

ix

work describes the advantages of moving to electrospray printing for polymer processing for
membrane applications.

x

1. Introduction
1.1.

Global Water Stress
Over 1 billion people do not have access to clean water and 2.3 billion people live in regions

with water shortages [1]. The water resources in the world are not distributed equally. For example,
Asia has 60% of the world’s population but only 36% of the world’s water [2]. In addition to the
distribution of the water resources, water consumption varies from region to region. Researchers
calculate the water footprint to capture the overall usage of water by a nation. This is a calculation
of the total volume of freshwater used to produce goods and services consumed by a population
along with the impact of globalization by accounting for water across the life cycle of imports and
exports [3]. The United States has a water footprint of 2840 m3/cap/yr but has only a 20% external
footprint (water from resources outside the nation) in contrast to the United Kingdom which has a
water footprint of 1245 m3/cap/yr but an external footprint of 75% [3].

Figure 1.1: Global water interdependence of virtual water trade [2]
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Figure 1.1 highlights the global interdependency of water resources which will become
even more difficult to manage under future scenarios involving interconnected global stressors.
The global stressors include increasing population, land use, urbanization, economic growth and
climate change. The population is growing at average annual rate of 1.4% from the current 6.7
billion with the added 3 billion people expected to be living in urban areas during the next century
[2]. The UN projects that there will be 40% fresh water than required for the growing population
by 2050 [4]. Economic growth means that there will be an impact on the water used in the nonconsumptive domestic sector and the consumptive industrial sector [2]. This means that there is a
rising global demand for fresh water. The energy from electricity can be used to produce fresh
water from the 96.5% of the Earth’s water which is in the seas and oceans. This can be done by
desalination.

1.2.

Desalination
Desalination is the process of removing salt to produce fresh water which can be done

using thermal-based methods or membrane-based methods. Thermal-based methods directly apply
thermal energy to evaporate the water and separate the salts. Distillation has been used for
hundreds of years but due to the high energy consumption of the process, less energy intensive
alternatives have been developed. Alternatives such as multi-stage flash (MSF) which converts the
seawater to vapor by a sudden pressure reduction. An external steam supply is used to repeat the
process stage-by-stage and successively decreasing pressure of each stage. Multi-effect distillation
(MED) uses seawater to generate vapors which is used in each stage to heat the salt solution in the
next stage which is at lower temperature and pressure. The performance of the process is directly
proportional to the number of stages [5]. Mechanical Vapor Compression (MVC) utilizes the vapor
is generated from the saline which is mechanically compressed to generate additional production.
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The major drawback of all thermal-based desalination is the involvement of phase change which
increases the energy consumption of the process.
Membrane-based processes do not involve phase changes; however, energy input is
required to overcome osmotic pressure between the fresh water and saltwater. Non-pressure driven
membrane processes such as Electro-dialysis (ED) involves using electric currents to draw salts
through selective membranes leaving freshwater behind. ED is commonly used for brackish feed
water, while pressure-driven processes are used for more concentrated feed waters [5]. Pressure
driven membrane processes such as reverse osmosis (RO) and nanofiltration and will be detailed
in Sections 1.3. and 1.4 respectively.
The dependence on energy for desalination contributes to the water-energy nexus of the
process. There is an energy penalty to provide freshwater from seawater. This energy drives up the
cost for the desalination process. In a reverse osmosis plant, 85.5% of the energy utilized in the
process is to overcome the osmotic pressure [6]. The rest of the energy consumption goes into the
pre-treatment and post-treatment steps of the process. For a similar plant capacity, thermal
processes require larger footprints and use more costly materials such as high quality anti-corrosive
materials for vessel design, condenser and equipment than the RO process. Similarly, thermal
processes consume higher amounts of electrical and thermal energy than RO which needs
electricity only. Thermal processes function using nearly any quality (salinity) of feed water
without extensive pretreatment with higher quality of water from thermal processes [6]. The
energy requirements of each process are described in Table 1.1. The type of plant installed depends
on the quality of feed water and energy requirements to treat the feed. The trend towards
membrane-based plants technology is evident from Figure 1.2. This is because of the lower energy
consumption of the process. Especially for RO, the energy consumption of the process has been
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reduced significantly from the 1970s due to the improvement in membrane material and processing
with the energy consumption approaching thermodynamic minimum at 50% recovery [7].
Table 1.1- Energy consumption of desalination processes [5], [8]
Process

Total Energy Consumption (kWhelectrical/thermal equivalent
/mwater3)

Multi-stage Flash

10-47

Multi-effect Distillation

5.5-22.6

Mechanical Vapor Compression 7-17
Reverse Osmosis

1.58-7.5

Electrodialysis

2.5-5.5

Figure 1.2: Global cumulative installed membrane and thermal plant capacity [9]

1.3.

Reverse Osmosis
Reverse osmosis is a process in which a semi-permeable membrane separates salt from

water using pressure to overcome the osmotic pressure. The semi-permeable membrane is usually
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a dense polymer which is permeable to water and impermeable to salts. For RO, the
thermodynamic driving force is the concentration and the pressure gradient which is shown in
Figure 1.3. The transport through the membrane can be described by the solution-diffusion model.
This model assumes that the pressure and concentration gradient is constant within the membrane.
Convective transport allows for the molecules to reach to the membrane surface. The molecules
partition into the membrane and diffuse through, desorbing on the other side. The difference in the
permeability of one type of molecules over the other produce the selectivity of the membrane [10].
It is assumed that the rate of adsorption and desorption is higher than the rate of diffusion. From
the solution-diffusion model, the phenomenological Equation (1.1) for RO can be derived from
equating the chemical potential on both sides of the membrane [11]
𝐽 = 𝐴(Δ𝑝 − Δ𝜋)

(1.1)

where J is the flux (L/m2h), A is the water permeability constant (L m/m2h bar), Δ𝜋 is the osmotic
pressure (bar) and Δ𝑝 is the pressure applied (bar) to the membrane.

Figure 1.3: Chemical potential gradient (𝜇! − 𝜇") and pressure gradient (𝑝! − 𝑝" ) [11]
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1.4.

Nanofiltration
Nanofiltration is a process between ultrafiltration and reverse osmosis. Membranes used

for nanofiltration have pores between 5-10 Å in diameter and the molecular weight cut-off
(MWCO) is 200-500 Da. Nanofiltration membranes have good rejection of divalent ions and
organic solutes but not of monovalent ions. Nanofiltration lies in the transition zone between the
pore-flow transport regime through the membrane and the solution-diffusion transport model [11].
The rejection mechanism is similar to RO since the difference in transport of the molecules
contribute to the rejection and is dissimilar to RO as a combination of steric, Donnan exclusion,
and dielectric effects are involved to reject divalent ions. These rejection mechanisms exist due to
the extreme spatial confinement and nano-length scales [12]. The membrane materials used for
nanofiltration are like that of RO, but they consist of a more open structure. Nanofiltration can be
used as a pretreatment method for RO, for water softening applications, and waste water treatment
[1], [12].
The advantages of the process are that the required operating pressures are lower than that of
RO and it consumes less energy. The costs for operation and maintenance are lower than that of
RO. Since the membrane structure is more open than that of RO, higher fluxes are expected for
this process. The drawbacks of the process are that membrane fouling is a challenge for
nanofiltration applications which will be detailed in Section 1.5.2. The permeate needs to be further
treated to reach drinking water quality as there is insufficient rejection of monovalent ions. The
mechanism of transport and rejection are not well-understood as nanofiltration transport is a
combination of pore-flow and solution diffusion which is difficult to use modelling tools for
simulation [13].
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1.5.

Challenges

1.5.1. Permeability-selectivity Trade-off
There are several challenges faced by RO to be used for desalination. The permeabilityselectivity trade-off poses an inherent challenge in the opportunity to improve membrane
performance. The membrane performance can be characterized by the permeability which is the
product of the diffusion coefficient and the sorption coefficient. The permeability is driving forcenormalized, pressure and thickness-normalized [14]. This indicates the rate at which a material
permeates through the polymer. The selectivity is the ratio of permeability of the molecules
through the membrane [14]. Membranes with a high diffusion coefficient have high permeabilities
have been observed to have lower selectivity [15]. This was first demonstrated by the Robeson
plot which demonstrated an “upper bound” between the O2/N2 permeabilities [16]. There was a
trade-off between the higher permeability of a gas and the selectivity. This has been demonstrated
in desalination membranes as well [15]. The trade-off is shown in Figure 1.4a with the upper bound
shown in the red line. The change in polymer structure which allows for a higher permeability
often allows for the passage of larger molecules and thereby reducing the selectivity. Thus,
increasing the permeability of the membrane has been a common goal to improve the performance
of the membrane [17].
1.5.2. Membrane Fouling
Membrane fouling is an important challenge faced during the operation of membranes.
Fouling refers to the accumulation of organic films, biofilms, inorganic and colloidal foulants on
the surface of the membrane which deteriorates the membrane performance and lifetime. Organic
material and microorganisms cause fouling by adhering to the surface of a membrane by
hydrophobic interactions. The accumulation of material on the surface of the membrane reduces
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the effective area available for water transport and reduces the permeance of the membrane as
shown in Figure 1.4b. There may be a loss of permeate quality caused by fouling. The type of
fouling which the membrane undergoes is dependent on the type of feed water treated.
Pretreatment of the feed and membrane cleaning can help prolong the life of the membrane.
However, organic fouling and biofouling causes irreversible deterioration of the performance of
the membrane even after cleaning procedures as shown in Figure 1.4b. Increasing the
hydrophilicity of the membrane and decreasing the roughness have been attributed to decrease the
fouling [18]. Other challenges faced by the RO process are the chemical resistance of the
membranes, the separation capability of neutral molecules and energy consumption of
pretreatment and post-treatment processes [7].

a.

b.
Irreversible
flux loss

Fouling

Cleaning

Figure 1.4: (a) Permeability-selectivity trade-off in desalination [15] (b) Fouling in membranes
and irreversible flux loss after cleaning [19]

1.6.

Electrospray Printing
To address these challenges faced by membrane processes, electrospray printing can be

used as a novel technique to process polymers into thin films for membrane applications.
Electrospray is the atomization of liquid in the presence of an electrical field [20]. This process

8

allows for the deposition of materials by electrical forces on to a substrate. This process is also
referred to as the cone-jet mode of electrospraying which forms nano-scale uniformly dispersed
droplets [21]. This allows for the formation of uniform films on the substrate. This feature can be
used for surface coating of materials, thin film formation and electro-scrubbing.
The advantage of this process over other technologies such as a mechanical atomizer is the
formation of much smaller droplets, with the size in the order of micro to nanometers. The size
distribution of the droplets have a small standard deviation which means that all the droplets are
of similar size [22]. This prevents the formation of voids, cracks and flaws. The droplets are selfdispersing because of the coulombic repulsion between the charged droplets. The formation of the
spray due to the mutual repulsion is shown in Figure 1.5b. This prevents droplet agglomeration.
The motion of the droplets can be controlled by the electric field because the droplets are
oppositely charged as the collector.
This technology was first used in mass spectroscopy for large biomolecules in 1989 [23]. The
technology has developed since then to be used in various fields such as solar cells,
nanotechnology, biotechnology, drug delivery and water filtration [20], [24], [25]. The
employment of this technology in polymer processing is rising because of the uniformity that can
be achieved at a nanoscale and high processability. The process allows for easy scale-up from labscale to industrial scale [25]. The versatility of materials that can be used in the electrospray
apparatus is a contributing factor to the rise of interest in this technology.
For the application of electrospray in polymer processing, the difference between
electrospraying and electrospinning must be understood. In the process of electrospinning,
polymer solutions of high concentrations are exposed to an electrical field. The charge induced on
the polymer chain overcomes the surface tension at a critical value and the charged polymer chain
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is deposited on the collector as a fiber [26]. In electrospinning, the spun fibers are a great number
of polymer chains forming threads [27]. This contrasts with electrospraying as there is a formation
of polymer ions and is deposited on the collector. The polymer concentrations in electrospraying
are lower than electrospinning. There are several polymer structures that can be realized through
electrospray deposition of polymers. They produce polymer structures such as globules, branched
fibers, “pins” and “beads-on-strings” [27].
This technology can be applied to water filtration membranes [24]. The conventional RO and
NF membranes used for water filtration are thin film composites (TFC). These membranes have a
selective layer resting on top of porous support layer for mechanical support. Electrospray printing
allows for the processing polymers into ultra-thin selective layers. This process addresses the
inherent limitations that will be further discussed in Section 2.1 by the conventional approaches of
making RO TFC membranes. Electrospray printing of polymers for selective layers of thin film
composite membranes is a novel method of polymer processing for this purpose.

Figure 1.5: (a) Different modes of spraying [22] (b) Fully realized cone-jet electrospray with
Taylor cone [28]
10

1.6.1. Working Principle of Electrospray Printing
In the electrospray set-up the liquid flows through a nozzle as shown in Figure 1.6. In the
absence of an electrical field, the droplet is balanced by the capillary forces and the gravitational
forces. There is a decrease in the surface tension with application of voltage, as the voltage
increases, due to electrical forces acting on the droplet. The opposite charges created by this
electric field move closer to the poles within the droplet. The electric field causes a shear stress to
act on the droplet and causes the elongation of the droplet to form a jet. Various instabilities like
kink, varicose or spiral form at the end of this jet [29]. This instability is determined by the
viscosity, surface tension, density of the fluid and the voltage of the electrical field. These
instabilities cause the disintegration of the jet into charged droplets. Depending on the liquid
properties and the instabilities causes different modes of spraying as shown in Figure 1.5a.
At a critical value of the voltage, this elongation takes the shape of a cone, called a Taylor
cone [21]. A jet emerges from the end of this cone. This is the cone-jet mode shown in Figure 1.4a.
The charged droplets move to the collector (or substrate) which is grounded. During the time of
flight of the charged droplets to the collector, there is an evaporation of the solvent which reduces
the droplet size [23]. The coulombic repulsion between the droplets causes the formation of a spray
with uniform sized droplets and dispersion as shown in Figure 1.5b.
The magnitude of the charge on the droplet caused by the electrical field which overcomes
the surface tension of the liquid is given by the Rayleigh limit in Equation (1.2)
𝑄$ = 2𝜋(16𝜎𝜀% 𝑟 & )'/)

(1.2)

where 𝑄$ is the charge on the droplet, 𝜎 is the surface tension of the liquid, 𝜀% the permissivity of
free space and r is the radius of the droplet. The droplets in the spray possess a charge up to a
fraction of the Rayleigh limit after droplet fission [20]. There is a limit to the electrical field for
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the formation of the cone-jet mode within the liquid. The voltage is directly proportional to the
surface tension of the liquid. If the voltage required to form the cone-jet is greater than the electric
breakdown of the surrounding gas, then a corona discharge takes place which is disruptive [21].
The components required for an electrospray apparatus are a pump, capillary, voltage
supply and a collector base as shown in Figure 1.6. The flowrate at which the liquid is pumped
through the nozzle determines the jet radius of the Taylor cone [21]. The droplet size can be
decreased by the decreasing flowrate and increasing the conductivity or decreasing the surface
tension [22]. The liquid is pushed through and exposed to the electrical field through the capillary
or nozzle which is attached to the positive terminal. The voltage supply is variable. By adjusting
the voltage and the flowrate, the deposition rate and film thickness can be controlled [20]. The
collector plate or drum is grounded. This potential difference causes the droplets to accelerate in
the electric field to the collector.

Figure 1.6: Electrospray set-up
There are limitations for the liquids that can be used in this set-up which depend on the
intrinsic liquid properties. Liquids of conductivity lower than 10−12 S/m and dipole moment less
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than 3 × 10− 25 N1/2m2 cannot be sprayed by the electrospray method [30]. Electrospraying in the
cone-jet mode is possible when the liquid conductivity falls within the range of 10-4 to 10-8 S/m
[22]. Other liquid properties like the surface tension and viscosity determine the ability of a liquid
to be able to be electrosprayed

1.7.

Conventional Methods of Membrane Processing
There are several conventional processes currently being used to process polymers into

thin films for membrane applications. RO membranes are generally anisotropic membranes or
asymmetric membranes. They consist of layered structures where the porosity changes from the
top of the membrane to the bottom as shown in Figure 1.7. They do not have to be made of the
same material throughout such that each layer can have different structures and permeabilities.
There are different methods to prepare anisotropic membranes. Membranes which are made using
phase separation are made of a single membrane material and are known as integrally skinned
asymmetric membranes as shown in Figure 1.7a. Phase separation or polymer precipitation is the
process of controlled precipitation of a polymer into a thin film. The polymer is dissolved into a
solvent and then immersed into a non-solvent bath. This causes the separation and de-mixing of
the solvent and the polymer phases. The two phases formed are a polymer rich phase that forms
the membrane matrix and a polymer poor phase that forms the pores. There are different methods
of precipitation such as using water, which is better known as the Loeb-Sourirajan process, using
cooling, using solvent evaporation, and the adsorption of water vapor. A common polymer used
for making the membrane by this technique is cellulose acetate [11]. Another popular method to
make anisotropic membranes is interfacial polymerization. This method is used to make a thin
selective layer of polyamide on top of a porous support layer and are known as thin-film composite
(TFC) membranes which is shown in Figure 1.7b. This technique will be detailed in Section 2.1.
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Solution-coating is used to make composite membranes where the polymer is coated on to the
surface of a porous support. The dilute polymer is coated on the microporous support by spreading
two Teflon rods or a doctor blade to spread a thin film.

b.

a.

Figure 1.7: (a) Integrally skinned asymmetric membranes (b) Thin-film composite
membrane [11]

1.8.

Conclusion
With the globally increasing demand for clean drinking water, the demand for new methods

of processing water filtration membranes that provide tunable properties is rising. The
conventional reverse osmosis (RO) and nanofiltration (NF) membranes used for water filtration
have inherent limitation such as limitations on improving the performance of the membrane and
fouling. New membrane manufacturing techniques must be realized to overcome these limitations.
Electrospray printing of polymers for selective layers of thin film composite membranes is a novel
method of polymer processing for thin film-composites that can address these drawbacks.
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2. Exploration of Polyamide Electrospray Printing with Different
Solvent Media
Presented as “Printing Membranes: Enabling the use of Conventional and Novel Polymers in High
Performance Membranes”, Ravindran, T., Chowdhury, M. R., Qian, X., Huey, B. D., Steffes, J.,
McCutcheon J. R., at NAMS as a poster, May 12-15, 2019, PA USA and recognized with the Best Poster
Award.

2.1. Introduction
In the 1980s, Cadotte developed a method to create an ultrathin polyamide barrier layer
using interfacial polymerization to make reverse osmosis membranes [1]. The membrane is formed
as a thin-film composite (TFC). TFCs consist of three layers; a polyester nonwoven support, a
microporous layer, and a thin selective barrier layer. The microporous layer provides support to
the thin selective layer as the polyester web layer is porous in nature. This layer is commonly made
of polysulfone which is used for its mechanical strength and chemical inertness [2]. The
polysulfone layer is about 100 µm in thickness. The primary advantage of TFCs is that the skin
layer is very thin (~100-200 nm) and has excellent water permeability and selectivity [1]. Another
advantage of TFCs is that each layer is made with a different material and can be independently
optimized for desired mechanical strength and membrane performance. Properties of the support
layer can affect the performance of the TFC; a hydrophobic polysulfone support with a rough
surface increases the water permeability and polysulfone membranes with larger pores produced
TFCs with higher salt permeability [3].
Aromatic polyamides made by interfacial polymerization produce high-flux and high
rejection barrier layers and remains the industry standard [4]. The procedure for interfacial
polymerization was developed from interfacial polycondensation developed by Morgan et al. [5].
Interfacial polymerization involves the reaction between an amine dissolved in an aqueous
medium and an acid chloride dissolved in an organic medium at the interface of the aqueous and
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organic media. Typically, the organic medium is n-hexane, hexane or decane. The amines
commonly used for RO membranes are piperazine, m-phenylenediamine and p-phenylenediamine.
The acid chlorides commonly used are trimesoyl chloride and isophthaloyl chloride. This reaction
is conducted on the surface of the microporous substrate by immersing the substrate in the diamine
aqueous solution and then subsequently immersing it in the acid chloride organic solution [1]. The
reaction takes place in the organic phase due to ability of the amine to partition into the organic
phase and the limited solubility of the acid chloride to dissolve in the aqueous medium [6]. This
reaction is a SN2 substitution. The protonated amine is acylated to form the polyamide as shown
in Figure 2.1. A contact time of 0.5-60 seconds is enough for the reaction to proceed. The excess
diamine solution can be removed by draining for higher performance of the membrane.

Figure 2.1: Interfacial polymerization [4]
There are limitations to the interfacial polymerization process. The reaction is limited to
the phase boundary as the reaction occurs at the interface of the aqueous and organic media. The
reaction depends on the diffusion of the monomers to the phase boundary as the reaction proceeds
until the amine monomers are depleted from the phase boundary. Therefore, the reaction is selflimiting. The polyamide forms as a ride-and-valley structure on the substrate from thicknesses
between 10-100 nm [7]. This structure has been attributed to increase in permeability and fouling
propensity of the membrane [8]. This results in limited tunability of the properties such as thickness
and surface roughness of the selective barrier layer. As the adhesion of the polyamide is a critical
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factor for the selection of the substrate, the dependence on substrate properties results in limited
choices to optimize the properties of the TFC. The process of interfacial polymerization generates
large amounts of waste organic solvent. This creates hazardous waste which is not environmentally
friendly.

Figure 2.2: Electrospray set-up for polyamide TFC membranes [9]
To overcome these limitations, Chowdhury et. al developed a novel technique to form
polyamides for reverse osmosis membranes [9]. This process uses electrospray deposition to print
the polyamide on to a selected substrate. The apparatus is shown in Figure 2.2A where a syringe
pump is used to deliver the monomer solutions to needles which are attached to the positive
polarity of a high voltage power source. The monomers are deposited on to the substrate which is
attached to a drum with negative polarity. The needles are attached to an L-shaped stage which is
programmed to move forward while the drum rotates to constitute one “scan” of polyamide layer.
The thickness can be controlled by the number of scans. This relationship is shown in Figure 2.3.
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This method produces TFCs which have smooth surfaces, tunable thickness, and are substrate
independent.

Figure 2.3: Thickness vs number of scans [9]
Table 2.1: Solvent Properties
Solvent

Conductivity (µS/cm)

Surface Tension (mN/m) [10]

Water

2.14

72.80

Methanol

4.44

22.70

Tetrahydrofuran

1.66

26.40

Dimethylformamide

0.32

37.10

Ethanol

0.65

22.10

In this chapter, the exploration of different solvent media for interfacial polymerization
was conducted. There was difficulty in obtaining consistent performance of electrospray
polyamide printing with water [11]. Thus, alternate solvent media to conduct the reaction was
explored. The solvents for this purpose were selected on their ability to be a “good” electrospray
solvent. It is desirable for a solvent used in electrospray deposition to have a conductivity higher
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than 10-8 S/m and low surface tension [12]. Table 2.1 lists the properties of the solvents selected.
These solvents are commonly used for electrospray applications [13]. The selected solvents were
blended with water to decrease the surface tension and increase the sprayability of the solution.
The solvents used for the aqueous amine solution and the acid chloride organic solution must not
be miscible. This is because the polymerization must occur at the interface of the two solutions.
The solvents used for this experiment were selected with these criteria in mind.

2.2. Materials and Methods
2.2.1. Materials
The substrate used for the experiments was a flat sheet polyacronitrile UF membrane, PAN
450, with a 250 kDa MWCO from Nanostone Water. M-phenylenediamine (MPD, >99%), trihexyl tetridecyl phosphonium bis(trifluro methyl sulfonyl)amide (ionic liquid (IL), >95%), 1,3,5benzenetricarbonyl trichloride (TMC, >98%), N, N-dimethylformamide (DMF, >99.8%),
methanol (MeOH, >99.8%), tetrahydrofuran (THF, >99.9%), and ethanol (EtOH, >99.5%) were
purchased from Sigma-Aldrich. Hexane (HPLC grade, >99%), and sodium chloride (NaCl,
crystalline, certified ACS) were purchased from Fischer Scientific (Pittsburgh, PA). Deionized
water was collected from Millipore Integral Two water system (Millipore, Billerica, MA).
2.2.2. Electrosprayed Printing Method
The electrospray printing apparatus is displayed in Figure 2.4a. The 26-gauge needles are
fixed to a moving stage as shown in Figure 2.4b. The moving stage is connected to a stepper motor
which is controlled using a motor controller. The needles are connected to a high voltage DC
power which ranges from 0-30 kV. The monomer solutions are dispensed via a syringe pump. The
rotating drum is covered in aluminum foil and the substrate is cut into three 4x4 inch squares and
taped on to the covered drum. The drum is grounded to create a potential difference between the
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needles which is connected to the positive polarity source. Rotational speed of the drum is
maintained at 20 rpm to ensure spray coverage over all three substrates.
The voltage is maintained from 6-8 kV and the monomers are pumped to the needles at a
rate of 5 ml/hr. Once the spray is stabilized in cone-jet mode and the stage scans at a speed of 350500 µm sec-1. A scan consists of one sweep of the stage horizontally across the rotating drum
spraying over the substrates. For these experiments, the scans were set to 10 for each batch of
membranes made.

Figure 2.4: (a) Electrospray apparatus side view with experiment details (b) Top-view of
electrospray apparatus.
The solution used in the left needle consisted of 0.5% MPD dissolved in a 50% v/v organicaqueous mixture unless stated otherwise. The organic solvent for the mixture was selected from
Table 2.1 for each experiment. In one experiment, the concentration of organic solvent was varied
from 50% to 70% in the mixture. The right needle consisted of 0.3% TMC dissolved in a hexane
solution with 1 µl of ionic liquid per ml of hexane solution.
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2.2.3. Membrane Performance Characterization
Membrane performance is characterized by water permeance and salt rejection in dead-end
mode, shown in Figure 2.5. This is done using a test system which has three dead-end cells with
magnetic stirrers to ensure constant mixing of the feed. The dead-end cell utilizes 3-inch diameter
membrane samples. A fine polyester mesh is placed below the membrane in order to provide
mechanical support. Pure water permeance is measured at 6.89 bar. The membrane is allowed to
equilibrate for 30 minutes before collecting the permeate. The permeance (LMH/bar) was
calculated using the Equation (2.1)
𝑚 ⁄𝜌
𝐽=5
<
𝐴⋅𝑇⋅𝑃

(2.1)

where m is the mass of the permeate (kg), 𝜌 is the density of water (kg/m3), A is the effective
membrane area (m2), T is the permeation time (h), and P is the pressure applied (bar).

Figure 2.5: Dead-end testing system schematic
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The rejection of the membrane characterized using a 2000 ppm NaCl salt solution feed.
The concentration of the permeate is measured using a conductivity probe. The value for rejection
is given by the Equation (2.2).
*

𝑅(%) = ?1 − *! @ × 100
"

(2.2)

where R (%) is the observed rejection, 𝐶+ is the concentration of the permeate and 𝐶, is the
concentration of the feed.

2.3. Results and Discussion
The water permeance and rejections presented in Figure 2.6 show that different solvent
systems affect the formation of the polyamide differently. The target permeances and rejections
are shown as dashed lines. This is the performance of water printed polyamides by Chowdhury et
al. [9]. The reaction is assumed to happen at a nanoscale at the interface of the electrospray printed
droplets on the substrate [9]. These membranes exhibit a trade-off as the rejection was inversely
correlated to the permeance. The polar protic solvents formed membranes with moderate to high
rejections and polar aprotic solvents formed membranes with high permeance and low rejections.
Membranes made with 50% v/v methanol aqueous mixture exhibited 87% salt rejection
with a permeance of 2.44 LMH/bar. This membrane performance is comparable to some
membranes made by conventional interfacial polymerization [14],[15]. Thus, this is a promising
alternate medium to conduct interfacial polymerization. However, membranes fabricated with an
increased 70% v/v methanol concentration achieved a very low permeance (0.2 LMH/bar) and a
reduced salt rejection (70%). This suggests that membranes produced from the increased methanol
mixture might be very dense, and overly dense polyamides have been observed to exhibit lower
salt rejections [14]. The 50% v/v ethanol aqueous mixture produced membranes a higher
permeance (2.5 LMH/bar) but a lower rejection (55%).
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Figure 2.6: Membrane permeance and rejection
Table 2.2: Solubility parameters [16]
Solvent

Solubility Parameters (MPa) 1/2

Water

47.9

Ethanol (EtOH)

22.1

Methanol (MeOH)

26.6

Dimethylformamide (DMF)

24.8

Tetrahydrofuran (THF)

19.0

Moderately high permeances of 3.6 LMH/bar and rejections of 17% were observed for
membranes made with 50% v/v THF aqueous solutions. The membranes made using 50% v/v
DMF aqueous mixture produced membranes with high permeance 6.62 LMH/bar but with low
rejections of 17%. A possible explanation of this behavior is that the polyamide is polymerized in
a swollen state and form a less dense network. The solubility parameter of the aromatic polyamide
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is 23 MPa1/2 and thus solvents with solubility parameters close to the polyamide can swell the
polymer or dissolve the uncrosslinked branches [17]–[19]. The solubility parameters of the
solvents used have been tabulated in Table 2.2. DMF is a solvent for PAN which is used as the
substrate, and DMF in the electrospray droplets which reaches the surface of the membrane may
damage the surface of the membrane or produce dimensional changes during electrospray which
lead to lower adhesion of the polyamide to the substrate. This would result in low rejections and
high convective flow through the membrane [19]. This would reduce the adhesion of the
polyamide to the substrate and result in low rejections [20], [21].
The defects in the polyamide selective layer could be verified by testing the membranes at
different pressures [22]. The salt permeability is an intrinsic property of the membrane and should
not change at different pressures. If there exists a linear dependence of the salt permeability with
pressure, then there exists convective transport of the salt through the defects. Other methods of
testing for defects are using gas permeation tests to test for Knudsen diffusion through the defects
in the polyamide layer [23].
Alternatively, the polyamide selective layer made by this method may result in an “open”
structure (i.e., low crosslink density of the polyamide) of the polyamide. This can result in
tailorable polyamide structures. The partition coefficient of MPD in the solvents must be evaluated
to quantify this effect. The partition coefficient determines how rapidly MPD will partition across
the aqueous-organic interface where the reaction is occurring [5], [6], [24]. The partition
coefficient can be defined as the ratio of concentrations of MPD in the aqueous and organic
solvents after 15 s, since this is the time over which the interfacial reaction takes place [24]. Due
to the difference in partition coefficients of MPD in different organic solvents, the amount of MPD
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contacted with the acid chloride will vary causing different polyamide structures. This can give
further insight on alternative organic solvents for interfacial polymerization.

2.4. Conclusions
This chapter explores utilizing different solvent blends for interfacial polymerization. The
novel technology of electrospray printing for polymer processing can be utilized for making
tailored polyamides to enable fundamental studies of their structures. The organic solvents used in
this study were selected based on previous applications for electrospray deposition. Membranes
made using a 50% v/v methanol aqueous solution performed well with water permeance and salt
rejection comparable to some reported interfacially synthesized polyamides. Thus, electrospray
printing is a promising alternative medium for interfacial polymerization. Increasing the
concentration of methanol in the blend resulted in membranes with low permeance and moderate
rejection, while membranes made using polar aprotic solvents demonstrated higher water
permeance and low rejection. The performance of the electrospray printed membranes can be
altered by changing the concentration of MPD and TMC in the solutions to produce membranes
with better performance. The aromatic polyamide may be formed in a swollen state on the
substrate. Electrospray printing could be forming an open polyamide structure which can be
formed due to change in rate of interfacial polymerization because of the change in partition
coefficients and diffusivity of the diamine monomer in the organic solvent. This establishes the
tunability of membrane properties from using different solvent blends for interfacial
polymerization. Further studies need to be conducted on the integrity of the selective layer formed.
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3. Electrospray Printing of Zwitterionic Copolymer Selective Layer
for Enhanced Membrane Performance
To be published as part of “Printing Zwitterionic Self-Assembled Thin Film Composite
Membranes: Tunable Thickness Leads to Remarkable Permeabilities for Nanofiltration”, Qian, X.,
Ravindran, T., Lounder, S., Asatekin, A. A., and McCutcheon, J. R.

3.1. Introduction
Zwitterions are amphiphilic polymers with positive and negative charges in the same
monomer unit. The opposite charges are evenly distributed throughout the polymer chain resulting
in the zwitterionic polymer having zero charge [1]. The typical anionic group comprises of
quaternary ammonium groups and the cationic groups can comprise of sulfonic, carboxylic, and
phosphoric groups. Common zwitterions that have been considered for anti-fouling applications
are zwitterionic polymers with phorylcholine and sulfobetaine head-groups [2]. Sulfobetaine is
easier to synthesize and handle in comparison to phorylcholine polymers. This head-group does
not collapse the H-bonds between the water and hence does not disturb the H-bond network of
water molecules. This property highlights the water affinity and the biocompatibility of the
material.
The surfaces of sulfobetaine are capable of binding significant amounts of water to form a
hydration layer via electrostatic interactions and hydrogen bonding [2]. This is attributed to the
ionic solvation of the water molecules because of the charged head-groups of the polymer. This
bond is stronger than the just the H-bond between water molecules and neutral hydrophilic
polymers [3]. This is possible due to the intra- and inter- ether proximity between the oppositely
charged groups. The hydration layer prevents the absorption of proteins onto the surface of the
membrane and provides a large energy barrier for foulant adsorption. Therefore, zwitterionic
materials have high anti-fouling abilities and permeabilities. Sulfobetaine also has the ability to
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remain in their di-ionic form over a broad range of pHs [2]. These properties make zwitterions an
attractive material for membrane selective layers.
One drawback of zwitterionic polymers is their poor solubility and processability [3]. Thus,
zwitterions cannot always be used directly for membrane applications. Several methods have been
used to overcome this issue and process the polymer to make selective layers for membranes.
Membranes have been made for ultrafiltration using zwitterions by free radical, photo-induced and
plasma-induced graft polymerization [2], [4]. Nanofiltration membranes have been made using
surface-initiated atom transfer radical polymerizations, UV-irradiated cleaving and free radical
polymerization [5], [6]. While these membranes have shown an improvement in permeance and
anti-fouling, the uncontrollability in surface graft polymerization techniques and a lack of
scalability of these methods are drawbacks for further commercialization of these membranes.
Zwitterionic polymers have the ability to self-assemble due to the presence of strong
electrostatic interactions between the dipoles. The dipoles assemble in an anti-parallel arrangement
to form tubular or disc-like structures as shown in Figure 3.1. Bengani-Lutz et. al utilized this selfassembly property of zwitterionic copolymers to create a new class of self-assembling random
amphiphilic copolymers for membrane selective layers [7]. These zwitterionic polymers consist of
monomers of random copolymers such as sulfobetaine methacrylate (SBMA) with a hydrophobic
monomer 2,2,2-trifluoroethyl methacrylate (TFEMA) which self-assemble to form nanochannels.
These uniform channels are ~1 nm in size. They have a MWCO of 1000 Da. The zwitterionic
copolymers are attached to a hydrophobic backbone as shown in Figure 3.1. The zwitterionic
branches self-assemble due to the dipole interactions on the zwitterion. SMBA attached to a
TFEMA backbone specifically self-assembled to ~1 nm sized nanochannels due to the zwitterionic
self-assembly as shown in the Figure 3.1. They rely on the microphase separation of the
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zwitterionic copolymers to form hydrophilic nanochannels that act as pores for the selective layer
of the membrane [8]. These channels exhibit high permeance and a sharp selectivity which is size
based in nature. The nanochannels are selective for charged and uncharged without sacrificing
permeability. The permeation properties of this zwitterion cannot be explained by solutiondiffusion alone as it does not incorporate the effects of self-assembly of the zwitterion. There exists
confinement permeation through the nanochannels [9]. This nanoconfinement of the solutes
depends on the chemical structure (solubility, affinity) over the size and diffusivity. This enhances
the permeation of the selective molecules by the membrane.

Figure 3.1: Zwitterionic copolymer with the materials used [10]
The conventional method of preparing these zwitterionic copolymers as membrane selective
layer is solvent casting [8]. A bath of the copolymer solution is prepared, and the membrane
substrate is immersed in this solution. This substrate with the copolymer is immersed in a bath
with isopropanol in order to precipitate the copolymer on to the surface of the substrate. The
drawback of this process is that it requires high concentration of the copolymer (10-15% (w/v)).
The baths of solvent are wasteful and potentially toxic depending on the solvents used.
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The advantage of these membranes is that they are extremely fouling resistant. Most
membranes exhibit some irreversible flux loss due to the accumulation of foulants on the surface
of the membrane. In dead-end filtration experiments with bovine serum albumin (BSA) solutions,
these membrane exhibited no loss of flux after cleaning as shown is Figure 3.2 [7]. Thus, they
exhibit excellent biofouling resistance. After subjecting these membranes to different foulants,
they showed no loss of water flux in alginate, humic acid, effluent organic matter and oil-water
emulsions [8]. This demonstrates the resistance of these membranes to different foulants. These
membranes were tested with real textile wastewater streams obtained from a textile dye plant in
Turkey. They exhibited 100% permeance recovery after physical cleaning while the commercial
membrane tested with the same feed only had 89% permeance recovery [8].

Figure 3.2: Fouling test of PTFEMA-SBMA membrane [7]
In this chapter, the novel polymer processing technique of electrospray printing is used to
process this zwitterionic polymer as membrane selective layers. This chapter discusses the ability
to form high performance liquid filtration membranes while maintaining the same selectivity as
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the ones made by conventional methods. This technique provides a simple platform to process
zwitterions for membrane applications. This method utilizes less copolymer thereby reducing the
overall cost of operation. Electrospray printing uses less solvent for processing of this membrane
and reduces the environmental footprint of the process. This method allows the tunability of
membrane thickness which was not previously possible.

3.2. Materials and Methods
3.2.1. Materials
The zwitterionic copolymer used to fabricate the membranes (PTFEMA-SBMA with 36
wt % SBMA present in the copolymer) was synthesized by Dr. Ayse Asatekin’s lab (Tufts
University, Medford, MA) [7]. The substrate used for the experiments was a flat sheet
polyacronitrile-based UF membrane, PAN 400, from Sepro Membranes (Oceanside, CA) and
Sterlitech Cooperation (Kent, WA). Isoproponal (IPA, > 98 %), 2,2,2-trifluoro ethanol (TFE, > 99
%), N, N-dimethylformamide (DMF, > 99.8%), Vitamin B2 (VB2, 376 Da) and Brilliant Blue R
(BLBR, Sigma Aldrich) were purchased from Sigma Aldrich (St. Louis, MO). The dyes used in
the dye rejection tests are Methyl Orange (MO, 327 Da) and Vitamin B12 (VB12) purchased from
Thermo Fisher Scientific, Acid Fuchsin (AF, 585 Da) purchased from Acros Organics and
Chlorophyllin Sodium Copper Salt (CP, 724 Da) purchased from Santa Cruz Biotechnology. All
materials were used as received.
3.2.2. Electrospray Printing Method
The electrospray printing apparatus is displayed in Figure 3.3a. The 26-gauge needles are
fixed to a moving stage as shown in Figure 3.3b. The moving stage is connected to a stepper motor
which is controlled using a motor controller. The needles are connected to a high voltage DC
power which ranges from 0-30 kV. The monomer solutions are dispensed via a syringe pump. The
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rotating drum is covered in aluminum foil and the substrate is cut into three 4x4 inch squares and
taped on to the covered drum. The drum is grounded to create a potential difference between the
needles which is connected to the positive polarity source. Rotational speed of the drum was
maintained at 11 rpm to ensure spray coverage over all three substrates.
The voltage is maintained from 10-12 kV and the monomers are pumped to the needles at
a rate of 3.9 ml/hr. Once the spray was stabilized in cone-jet mode, the motor was turned on and
the horizontal speed of the stage was maintained at 350-500 𝜇𝑚 sec-1. A scan consists of one sweep
of the stage horizontally across the rotating drum spraying over the substrates. This results in one
layer of zwitterion copolymer on the substrates. The zwitterion concentration was varied from
0.01% to 1% w/v in a 1:1 (v/v) DMF: TFE solution. The DMF was added to increase the ability
of the spray the zwitterion copolymer [11]. The isopropanol was used in the right needle to
precipitate the zwitterionic copolymer on to the substrate from the solvent mixture [10]. For this
experiment, the scans were set to 5 or 10 for each batch of membranes made.

Figure 3.3: (a) Electrospray side view apparatus with experiment details (b) Top-view of
electrospray apparatus
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3.2.3. Membrane Performance Characterization
The characterization of membrane performance was done by testing the water permeance
and rejection of the membranes in dead-end mode. This is done using a test system which has three
dead-end cells with magnetic stirrers to ensure constant mixing of the feed. The dead-end cell
utilizes 3-inch diameter membrane samples. A fine polyester mesh is placed below the membrane
in order to provide mechanical support. The tests were conducted at 1.4 bar. For pure water
permeance, the membrane was allowed to equilibrate for 30 minutes before weighing the permeate
collected in a glass vial. The permeance (LMH/bar) was calculated using the Equation (3.1) given
below.
𝐽=?

𝑚/𝜌
@
𝐴×𝑇×𝑃

(3.1)

where m is the mass of the permeate (kg), 𝜌 is the density of water (kg/m3), A is the effective
membrane area (m2), T is the permeation time (h) and P is the pressure applied (bar).
The rejection of the membrane was also measured in the dead-end mode of testing. The
dye rejection properties were assessed using the dyes in Table 3.1. The rejection of the dyes was
measured using a UV-Vis spectrophotometer. The value for rejection can be given by the Equation
(3.2).
𝑅(%) = 51 −

𝐶+
< × 100
𝐶,

(3.2)

where R (%) is the observed rejection, 𝐶+ is the concentration of the permeate (mg/L) and 𝐶, is
the concentration of the feed (mg/L).
Table 3.1: Dye properties [10]
Dye

Molecular Weight (g/mol)

Size (Å)

Charge

Methyl Orange

327.3

7.94

-1
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Vitamin B2

376.36

8.49

0

Acid Fuschin

580

9.27

-2

Chlorophyllin Sodium Copper Salt

724.15

11.5

-3

Vitamin B12

1355.37

13.14

0

3.3. Results and Discussions
3.3.1. Membrane Thickness
The theoretical thickness of the membrane selective layer was done by doing a mass
balance of material during the electrospray printing
𝛿-./010-"23! =

𝑚+0!45/1
𝜌+0!45/1 × 𝐴

(3.3)

𝑚+0!45/1 = 𝑁 × 𝑉0 × 𝐶

(3.4)

where A is the spray area (cm2), N is the number of scan layers, 𝑉0 is the volume of zwitterionic
copolymer dispensed (ml), and C is the concentration of the zwitterion in the solution (w/v). The
theoretical thicknesses of the selective layers have been calculated and presented in Table 3.2. This
calculation gives insight about the relationship between the scans or layers and the thickness of
the copolymer film.
Table 3.2: Theoretical thickness
5 layers (nm)

10 layers (nm)

Pristine support

0

0

0.001% w/v

0.36

0.73

0.01% w/v

3.64

7.28

0.0625% w/v

22.73

45.46

37

0.2% w/v

72.73

145.47

0.3% w/v

109.1

218.2

0.4% w/v

145.47

290.94

0.5% w/v

181.83

363.67

1% w/v

363.67

727.34

The Figure 3.4 shows the linear relationship of the thickness versus concentration of the
copolymer in the spraying solution. This was observed at both 5 scans (or layers) and at 10 scans
(or layers). At low polymer concentrations such as 0.001% or 0.0625%, the selective layer is
extremely thin ranging from 0.3-23 nm. The thickness of the copolymer layer can be varied from
3-363 nm by using different concentrations of the zwitterion from 0.001% to 1% while keeping
the scans constant at 5.
800
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Figure 3.4: Thickness vs concentration of zwitterion in solution
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0.9

1

The same trend is observed using 10 scans with thicknesses varying from 7 – 727 nm. This
proves that the thickness of the selective layer can be controlled. This is not possible using the
conventional method of solvent casting. The selective layer made by solvent casting resulted in a
selective layer of 1.16 ± 0.06 𝜇𝑚 [10]. Thus, the thickest membranes printed by this method
(727.34 nm) is an order of magnitude lower than the selective layer formed using the conventional
method.

Figure 3.5: Thickness from SEM vs calculated theoretical thickness [12]
The thickness of the active layers was measured using an SEM [12]. The SEM thickness
showed a linear relationship (slope ~1) with the calculated theoretical thicknesses as shown in
Figure 3.5. This implies that the theoretical thicknesses correspond to the actual thickness of the
film. Other techniques such as ellipsometry can be used to measure the actual thickness of the film
to increase the fidelity of the theoretical calculations. This has been documented as an accurate
method to measure the thickness of thin films [13], [14]. Ellipsometry uses phase change and the
amplitude ratio to measure the difference in polarization in parallel and perpendicular media to
calculate the thickness of the layer [14]. Atomic force microscopy (AFM) is another technique
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which has been used to measure the thickness of thin films [14]–[16]. AFM can be used to measure
thickness by measuring the average heights of the thin film and the silicon wafer and taking their
difference [14]. The accuracy of the theoretical thickness calculations can be increased by
measuring the ultra-thin film density (below 100 nm) on a quartz crystal microbalance (QCM)
since the density of the copolymer may change from the bulk density when deposited as ultra-thin
films. [14], [17], [18].
3.3.2. Water Permeance
The membranes made using electrospray printing exhibited exceptional water permeance.
These results are shown in Figure 3.6. The thinnest selective layer with thickness of 0.36 nm
exhibited water permeance of 205 LMH/bar. The membranes with less than 1 nm selective layer
exhibited no difference in permeance from the support. The membrane permeances decrease with
increasing thickness as expected. This is because permeance is inversely correlated to thickness.
The permeance of the selective layer steeply increases with decreasing thickness. When the
thickness decreases from 145.47 nm to 72.73 nm, the permeance increases from 5.9 LMH/bar to
29 LMH/bar. A 73 nm reduction in thickness increased the permeance by 23 LMH/bar. A sharper
trend is observed with thinner selective layers, the permeance increases from 47 LMH/bar to 165
LMH/bar when the thickness decreases from 45.46 nm to 22.73 nm. A 22.7 nm reduction in
thickness produced an increase in permeance by 118 LMH/bar.
It was hypothesized that the air channels between two layers acted as highways for water
transport implying that the membrane resistance arises from the selective layer thickness [12]. This
means that the permeance is not affected by the number of scans. The membranes cast using
solvent casting had a permeance of 5.9 LMH/bar [10]. The values of permeances made by
electrospray printing are orders of magnitude higher than the membranes made by solvent casting
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due to the ability to control the thickness of the membrane. These results show that the method of
electrospray printing demonstrates an unprecedented control over thickness of the selective layer
with an ability to make high performance membranes.

Figure 3.6: Water Permeance vs selective layer thickness where Sartorius is the PES 20
commercial membrane
3.3.3. Dye Rejection
The membrane exhibits size-based selectivity. This was tested at 1% w/v of the zwitterion
in the solution and the results are presented in Figure 3.7a. Dyes of different sizes were selected
with positive, negative and neutral charges as shown in Table 3.1. The selective layer completely
rejects large molecules like the acid fuschin (0.92 nm diameter) and chlorophyllin (1.15 nm
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diameter). Therefore, the channel size is around 1 nm. There is lower rejection of the dyes of
smaller diameter such as the methyl orange and vitamin B2. The membrane rejects 7-30% of
methyl orange which has 0.79 nm diameter which means that the channels are larger than the dye
diameter to let it pass through. The membrane showed partial rejection of 45-66 % of the vitamin
B2 with 0.85 nm diameter. The vitamin B2 is a neutral dye. This exhibits the size-based sieving
of the zwitterionic copolymer similar to that of the solvent cast membranes as shown Figure 3.7b
[10].

Figure 3.7: (a) Dye-rejection curve of the printed zwitterion copolymer selective layer (b) Dyerejection curve of solvent cast membrane [10]
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Figure 3.8: Chlorophyllin rejection of ultra-thin selective layers
The rejection of the chlorophyllin dye can be used as a benchmark for zwitterion copolymer
selectivity. Since the diameter of chlorophyllin is 1.14 nm, a nanochannel of ~1 nm must be
rejected by the copolymer selective layer. The results in Figure 3.8 demonstrated this selectivity.
The thinnest selective layer of 0.36 nm rejects 100% of the chlorophyllin. This was tested against
the pure solvent (DMF: TFE 1:1 w/v) sprayed on the substrate. The solvent sprayed substrate did
not completely reject the chlorophyllin implying that the zwitterion copolymer selective layer is
forming the ~1 nm channel at 0.36 nm thickness did. This means that the electrospray printing
membranes exhibit selectivity and exceptional permeance as detailed in Section 3.3.2.

3.4. Conclusion
In this chapter, the ability of electrospray printing to process polymers to produce tunable
high-performance membranes has been demonstrated. The zwitterionic copolymer, PTFEMASBMA, which has been used as membrane selective layer made by traditional methods consumed
high concentrations of costly polymer (10-15 wt%). The thickness of the selective layer could not
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be controlled. Utilizing the electrospray printing technique, membrane selective layer thicknesses
were varied from 0.36 nm to 727 nm. The thinnest membranes made by electrospray printing had
permeances of 205 LMH/bar. The printed zwitterionic copolymer membranes exhibited similar
rejection characteristics to that of solvent casted membranes. Thus, electrospray printing allows
for easy processing of costly polymers with exceptional performance.
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4. Printing of Zwitterionic Anti-Fouling Coatings on Commercial
Reverse Osmosis and Nanofiltration Membranes
4.1.

Introduction

Irreversible fouling caused by organic or biological matter results in the decline of membrane
performance. Pretreatment methods have been used to address specific fouling problems but can
be costly [1]. Chemical membrane cleaning is conducted in order to ensure sustainable operation
of the membrane system but eventually leads to the replacement of the membrane [1]. Thus,
modifications to the membrane material needs to take place to reduce the rate of fouling or enhance
the cleanability of the membrane.
The properties of the membrane surface are important in understanding the foulant-membrane
interactions. The surface roughness has been attributed to an increase in fouling. The increase in
surface area due to the surface roughness as well as the preference of foulants to accumulate in the
valleys of the ridge-and-valley structure have been cited as reasons for this correlation [2]. The
hydrophobic foulants such as organic molecules or proteins are driven toward hydrophobic
membrane surfaces [2]. Decreasing the hydrophobicity of the membrane surface will reduce the
hydrophobic interactions between the foulant and membrane. Therefore, increasing the
hydrophilicity of the membrane surface can decrease the rate of fouling on the membrane surface.
Due to these reasons, membrane surface modifications are explored to improved fouling
resistance of membranes. Common methods of surface modification have been grafting of
hydrophilic polymers to the membrane surface and utilizing plasma treatment to introduce
chemical modifications on the surface to increase hydrophilicity [3]–[5], [6]–[8]. Applying a
physical coating on the membrane with a hydrophilic polymer is a method commonly used to
modify the surface of the membrane [9], [10]. It is important when physically coating a layer on a
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membrane that it does not alter the intrinsic properties of the membrane. The physical coating
should easily adhere to the surface of the membrane and not compromise permeance and rejection
of the membrane. The effect of the surface coating on the membrane permeance can be determined
by the series resistance model [10]. The mass transfer resistance of the coating layer can be
calculated using this model. This model assumes that no additional resistance arises from the
interaction of physical coating resting on the membrane. The model can be applied for RO
membranes by knowing the permeances of the RO membrane on which the coating is applied to,
the thickness of the coating layer and the permeability of the layer. The fluid flowing through the
membrane is analogous to electric current flowing through resistors in series. The physical coating
and the membrane act as the resistors. This analogy is explained in Figure 4.1. Equation (4.1) and
the Equation (4.2) for this model can be given by [10]
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Where Jcomposite and JRO is the permeance of the composite membrane and the RO membrane
(LMH/bar), ℓ203-"89 is the thickness of the coating (m) and Pcoating is the permeability of the coating
(L m/m2 h bar). 𝐽$7#$%$&'()$ %+,$- , 𝐽$7.(&-/!/-/0# %+,$- and 𝐽$7#0!!/-' %+,$- are the permeances of the
individual layers (LMH/bar). However, in practicality the resistances of the microporous and
support layers are negligible in comparison to the selective layer due to their high permeances
[11].
Crosslinked poly(ethylene glycol) (PEG) has been coated on commercial RO membranes [12]–
[14]. PEG is widely known as an anti-fouling material. PEG is an uncharged, water soluble
polymer with long flexible chains with large exclusion volumes which forms huge complexes with
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water molecules from the surroundings to form a hydration layer [13]. PEG can prevent surface
hydrophobic interactions due to steric repulsion effects of the PEG chains. Coatings made by this
method reported an 8%-42 % reduction in pure water permeance. The drawback to using PEG
coatings is that it is highly sensitive to oxidization and it can decompose in the presence of oxygen
and transition metal ions which can be found in feed water [15]. This means PEG coatings cannot
be used for long term applications.
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Layer
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Layer
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Membrane

Water Flux

ℓ#$%&'()
$#$%&'()

Microporous
Layer

1

1

1
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Figure 4.1: Series resistance model analogy
The benefits of using zwitterionic copolymers for anti-fouling purposes have been
documented in Section 3.1. This material has been used in anti-fouling coating layers on
commercial RO membranes [16]–[18]. Atom transfer radical polymerization (ATRP) was used to
graft poly(sulfobetaine methacrylate) (pSMA) on to an RO membrane which produced a 66%
increase in water flux and decreased protein adherence but involved harsh process conditions [16].
Hydroxyl poly(oxyethylene) methacrylate (HPEOM) was applied by surface modification on to
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commercial RO membranes [17]. This process produced membranes with 8% loss of water flux
and improved sodium alginate resistance. Polyzwitterions were immobilized on to a commercial
RO membrane after a polydopamine pretreatment step [18]. There was a 13% reduction in pure
water permeance but improved bacterial resistance. iCVD was used to coat commercial RO
membranes with 24% loss of water flux and showed a decreased E. coli adhesion [19]. However,
this technique is difficult to scale-up.
Thus, there exists a need to produce an ultra-thin coating layer of a hydrophilic polymer with
high water permeability. This method should be easily scalable without harsh processing
conditions. In this chapter, electrospray printing is used to process zwitterionic copolymers to form
ultra-thin anti-fouling coatings on commercially available RO and NF membranes. This is to
improve the fouling resistance of the commercial membranes and extend their lifetime.
Electrospray printing provides an ideal platform for surface modifications. The ability to form thin
films using zwitterionic copolymers with high permeance has been demonstrated in Chapter 3.
This material can be used to process thin films on commercial membranes as a coating layer with
low mass transfer resistance. This work explores the potential of this technology for printing thin
film coatings on substrates.

4.2. Materials and Methods
4.2.1. Materials
The zwitterionic copolymer used to fabricate the membranes (PTFEMA-SBMA with 36
wt % SBMA present in the copolymer) was synthesized by Dr. Ayse Asatekin’s lab (Tufts
University, Medford, MA) [20]. The substrates used for the experiments were a flat sheet
commercial membranes BW30 and NF270 from Sterlitech Cooperation (Kent, WA). 2,2,2trifluoro ethanol (TFE, > 99 %), N, N-dimethylformamide (DMF, > 99.8%) were purchased from
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Sigma Aldrich (St. Louise, MO). Sodium chloride (NaCl, crystalline, certified ACS) and
magnesium sulfate (MgSO4, > 99%) were purchased from Fischer Scientific (Pittsburgh, PA). All
materials were used as received.
4.2.2. Electrospray Printing Method
The electrospray printing apparatus is displayed in Figure 4.2a. The 26-gauge needles are
fixed to a moving stage as shown in Figure 4.2b. The moving stage is connected to a stepper motor
which is controlled using a motor controller. The needles are connected to a high voltage DC
power which ranges from 0-30 kV. The monomer solutions are dispensed via a syringe pump. The
rotating drum is covered in aluminum foil. The commercial membrane is washed and air-dried
before use in electrospray printing. The substrate, which is the commercial RO or NF membrane,
is cut into three 4x4 inch squares and taped on to the covered drum. The drum is grounded to create
a potential difference between the needles which is connected to the positive polarity source.
Rotational speed of the drum was maintained at 11 rpm to ensure spray coverage over all three
substrates.

Figure 4.2: (a) Electrospray side view set-up with experiment details (b) Top-view of
electrospray setup
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The voltage was maintained from 10-12 kV and the monomers were pumped to the needles
at the rate 3.9 ml/hr. Once the spray was stabilized in a cone-jet mode and the motor was turned
on, the horizontal speed of the stage was maintained at 350-500 𝜇𝑚 sec-1. A scan consists of one
sweep of the stage horizontally across the rotating drum spraying over the substrates. This results
in one layer of zwitterion copolymer on the substrates. The solution used for printing is a 0.0001%
or 0.001% of zwitterion copolymer in a 50% v/v DMF: TFE. For experiments with change in
concentration of printing solution, the DMF: TFE concentration was changed to 75% v/v DMF:
TFE. This was to reduce the amount of hydrophobic solvent in the solution [21]. For organic
solvent washing experiments, the electrospray printed membranes were stored in deionized water
and the water in the container was changed every two days. The scans were kept at 3 or 5 for the
experiments.
4.2.3. Membrane Performance Characterization
Membrane performance is characterized by water permeance and salt rejection in dead-end
mode. This is done using a test system which has three dead-end cells with magnetic stirrers to
ensure constant mixing of the feed. The dead-end cell utilizes 3-inch diameter membrane samples.
A fine polyester mesh is placed below the membrane in order to provide mechanical support. Pure
water permeance is measured at 6.89 bar for the tests with BW30 membranes. For tests using
NF270 membranes, the pure water permeance is measured at 4.8 bar. The membrane is allowed to
equilibrate for 30 minutes before collecting the permeate. The permeance (LMH/bar) was
calculated using Equation (4.2)
𝑚 ⁄𝜌
𝐽=5
<
𝐴⋅𝑇⋅𝑃

(4.2)

where m is the mass of the permeate (kg), 𝜌 is the density of water (kg/m3), A is the effective
membrane area (m2), T is the permeation time (h) and P is the pressure applied (bar).
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The rejection of the membrane characterized using a 2000 ppm NaCl solution feed for the
BW30 membrane. The rejection of the NF270 was characterized using 2000 ppm solution of
MgSO4. The concentration of the permeate is measured using a conductivity probe. The value for
rejection is given by the Equation (4.3)
*

𝑅(%) = ?1 − *! @ × 100
"

(4.3)

where R (%) is the observed rejection, 𝐶+ is the concentration of the permeate and 𝐶, is the
concentration of the feed.
4.2.4. Contact Angle Measurements
A Cam 101 series contact angle goniometer (KSV Company Linthicum Heights, MD) was
used to measure the contact angle of samples. The contact angle goniometry can be used to
compare the hydrophilic nature of surfaces. The sample to be measured was taped on to a glass
slice and the contact angle was measured using DI water. The contact angle was based on the
average of three measurements.

4.3.

Result and Discussions

4.3.1. Thickness and Permeability Calculations
The theoretical thickness of the membrane selective layer was calculated via a mass balance
of material during the electrospray printing
𝛿-./010-"23! =

𝑚+0!45/1
𝜌+0!45/1 × 𝐴

𝑚+0!45/1 = 𝑁 × 𝑉0 × 𝐶

(4.4)
(4.5)

where A is the spray area (cm2), N is the number of scan layers, 𝑉0 is the volume of zwitterionic
copolymer dispensed (ml), and C is the concentration of the zwitterion in the solution (w/v).
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The theoretical thicknesses of the selective layers have been calculated and presented in
Section 3.3.1. This calculation helps us calculate the ℓ203-"89 of the zwitterionic anti-fouling layer.
The permeability of the coating layer was calculated using the slopes in Figure 4.3. This was
calculated using the thicknesses and the permeance calculation Section 3.3.2. The values for the
permeance of commercial membranes were calculated from water permeance tests conducted by
the procedure detailed in Section 4.2.3. These values were used in Equation (4.1) to calculate the
theoretical composite membrane permeances. The pure water permeance of BW30 was measured
to be 2.06 LMH/bar and the pure water permeance of NF270 was measured to be 13.43 LMH/bar.

Figure 4.3: Water permeability of coating layer
Table 4.1: Theoretical Composite Membrane Permeances BW30
Concentration

(%), Thickness (nm)

Scans

Permeability of Coating Composite Membrane
layer (L m/µm h bar)

Permeance (LMH/bar)

0.001% 5 scans

0.364

51.73

2.06

0.001% 3 scans

0.218

51.83

2.06

0.0001% 5 scans

0.036

51.95

2.06

0.0001% 5 scans

0.022

51.96

2.06
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From Table 4.1 and 4.2, it can be observed that the permeance of the composite membrane is
almost indistinguishable from the commercial membrane. From these calculations, the theoretical
resistance of the commercial membrane ranges from 0.5-0.05 bar h m2/L and the resistance of the
zwitterionic layer ranges from 4-7 × 10-6 bar h m2/L. The permeability of the zwitterionic coating
layer is negligible in comparison to the commercial membrane. If this layer can be printed on to a
commercial membrane, theoretically there should be no loss in permeance of the commercial
membrane but an increased anti-fouling behavior due to the zwitterionic layer.
Table 4.2: Theoretical Composite Membrane Permeances NF270
Concentration

(%), Thickness (nm)

Scans

Permeability of Coating Composite Membrane
layer (L m/µm h bar)

Permeance (LMH/bar)

0.001% 5 scans

0.364

51.73

13.429

0.001% 3 scans

0.218

51.83

13.429

0.0001% 5 scans

0.036

51.95

13.43

0.0001% 5 scans

0.022

51.96

13.43

4.3.2. Membrane Performance Characterization
The pure water permeance of the coating thicknesses were lower than the calculated
theoretical composite permeances. For the BW30 membranes, the performance is shown in Figure
4.4. The pure water permeance of the commercial membrane is measured to be 2.06 LMH/bar.
The solvent control with DMF: TFE in a 1:1 ratio in the solution has a 60% loss in water flux with
a permeance of 0.82 LMH/bar. This trend was observed in electrospray printed coatings which
displayed similar permeances of from 0.63-0.81 LMH/bar. The thinnest coating with 0.022 nm
thickness had a permeance of 0.98 LMH/bar which is higher than the solvent control. The
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exceptionally high permeability of the zwitterion coating may be causing the increase in
permeance. The theoretical permeance should match the substrate. This implies that the solvent
used for electrospray printing is negatively affecting the membrane permeance. This is not
expected as solvent activation effects increase the water permeance of RO and NF membranes
[22]–[24]. This is attributed to enhanced swelling or removal of residual monomers from the
polyamide [10].

Figure 4.4: Performance of BW30 membranes
The performance of the NF270 membrane is shown in Figure 4.5. The pure water
permeance of the membrane was measured to be 13.43 LMH/bar. The solvent control membrane
with a DMF: TFE in a 1:1 ratio showed a 67% decrease in water permeance. This is a surprising
result as NF270 is a piperazine polyamide which is relatively resistant to solvent activation effects
due to the semi-aromatic nature of the polyamide. This is because solvent activation is
hypothesized to dissolve the loose uncrosslinked branches of the polyamide present in the layer
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and enhances the swelling of the polymer [23]. For the NF270 membrane, the selective layer is a
uniform layer and does not contain loose uncrosslinked branches so the DMF should not affect the
selective layer properties [24]. The ultra-thin coating layer of 0.36 nm showed improved
performance of 7 LMH/bar with only a 47% decrease in water permeance compared to the 67%
decrease.

Figure 4.5: Performance of NF270 membranes
Louie et. al observed a similar effect in their polyether-polyamide block copolymer coated
commercial membranes [10]. They hypothesized that the solvent evaporation from a swollen
membrane may lower the permeability of the composite membrane. This arises from the solventpolymer interaction taking place [25]. This is because the water transport through the polyamide
happens because of the water-polyamide hydrogen bond interactions [24], [26]. For membranes
that are formed with organic solvent evaporation, these hydrogen bonds in the polyamide may not
be accessible to the water as the organic solvent left behind during the evaporation would occupy
the available hydrogen bonds in the polyamide. During electrospray printing, the solvent which is
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not evaporated during the time of descent may be trapped in the polyamide and thereby reducing
the hydrogen bonds available for water transport. Other reasons for the reduction in permeance
could be because of the presence of hydrophobic groups in the solvent such as the CF3 group
present in TFE or collapsing of voids by capillary forces [21], [25].
4.3.3. Solvent Effects on Membrane Performance After Washing
The membranes used for these tests were thoroughly washed as described in Section 4.2.2.
The NF270 membranes that were electrospray printed for the solvent control were washed for 4
days. This greatly improved the membrane performance with only 17% decrease in water
permeance. Changing the amount of TFE in the ratio in the solution from 50% to 25% did not have
an effect on the membrane. This membrane behaved similarly to the washed membrane with 50%
of TFE with 11 LMH/bar water permeance. This result highlights the importance of the washing
step for the electrospray printing of coating layers. The organic solvent-polymer interactions
occupied the hydrogen bonds used for water transport through the NF270 membrane.
For the washed solvent coated BW30 membranes, washing the membrane did not have a
significant effect on membrane performance. The membrane coated with DMF: TFE solution in
1:1 ratio has a 19% increase in permeance after washing the membrane for 7 days. The
performance of the membrane was comparable to the pristine commercial membrane upon
changing the solvent amount of the TFE from 50% to 25%. This could be because of the preference
of the hydrophobic solvent (TFE) to remain in the polyamide while the DMF will have preference
to diffuse into water during the washing step [27]. By reducing the amount of TFE in the solvent
mixture, the amount of hydrophobic solvent occupying the hydrogen bonds of the polyamide
would decrease. This means that coating layers can be printed without change in performance due
to the solvent interactions.
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Figure 4.6: Membrane performance of solvent control after washing for NF270

Figure 4.7: Membrane performance of solvent control after washing for BW30
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Further studies need to be conducted on quantifying the amount of solvent being trapped
in the polyamide during electrospray printing before and after the washing procedure. The amount
of solvent in the polyamide can be characterized using thermal gravimetric analysis (TGA). The
solvents, DMF and TFE, have distinct boiling points of 152.8 °C and 73.8 °C respectively [28].
The amount of solvent trapped in the polyamide can be quantified by the amount of weight lost at
the boiling temperatures of the solvents using TGA. Razali et. al conducted a study on membranes
bound with acetone after solvent activation using TGA followed by gas chromatography mass
spectrometry (GCMS) to analyze the pyrolysis degradation products [29]. This can be done to
analyze the amount and characterize the solvents that are evaporated during TGA. A gas
chromatograph can be used to analyze the washing mixture to determine the amount of solvent in
the mixture [30]. This will give clarity to the amount of solvents being removed from the
polyamide during the washing procedure.
4.3.4. Contact Angle Measurements
Contact angle measurements allow for the comparison of hydrophilicity of different
materials. The contact angle measurement for the BW30 is 32.6° ± 5.8°. After the membrane was
printed with the DMF: TFE present in a 1:1 ratio, the contact angle increased to 52.5° ± 5.3°
which means that this membrane is more hydrophobic than the pristine commercial membrane.
This corresponds to the permeance results in Figure 4.4. The membranes that were printed with
the DMF: TFE present in a 1:1 ratio and then washed for 7 days regained the same hydrophilicity.
For the NF270 membrane, the same trend where the pristine membrane and the solvent printed
and washed membrane exhibit similar contact angles, 9.9° ± 2.96 °and 11.5° ± 4.94° respectively.
The membranes which were printed have a higher contact angle of 29.83° ± 7.75°. The membranes
sprayed with a coating layer of 0.218 nm exhibited a contact angle of 25.3° ± 1.15° for the NF270
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and 51° ± 14° for the BW30 without washing. This means that there is no additional hydrophilicity
from the zwitterionic copolymer. This could be because there is no isopropanol (IPA) used in the
electrospray printing. IPA is used to precipitate the copolymer from the solution. Further studies
should take this additional experimental step into consideration.
Table 4.3: Contact Angle Measurements
Membrane

Pristine (°)

Solvent Printed (°)

Solvent Printed and Washed (°)

BW30

32.6 ± 5.8

52.5 ± 5.3

31.7 ± 5.1

NF270

9.9 ± 2.96

29.83 ± 7.75

11.5± 4.94

4.4. Conclusion
In this chapter, the novel technique of electrospray printing was explored to print thin film
coatings on substrates. Zwitterionic copolymers were printed into an ultra-thin highly permeable
layer on commercial membranes. The permeance of the composite membranes were calculated
using the series in resistance model. The ultra-thin coating layer did not change the permeance of
the composite membrane in comparison to the pristine commercial membrane using this
calculation. However, when the membranes were electrospray printed, the organic-solvent and
polyamide interactions reduced the permeance of the composite membrane. This effect was
mitigated by washing the printed membranes or reducing the amount of hydrophobic solvent in
the mixture. Further studies need to be done to integrate the zwitterionic copolymer electrospray
printing with these new simple post-treatment steps. Anti-fouling tests need to be conducted to
prove the ability of these coatings to increase the lifetime of commercial membranes. This work
demonstrates the ability for the ability to print ultra-thin films on substrates which offer negligible
mass transfer resistance to fluid flow through the composite membrane.
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5. Conclusion
In many areas, the limited availability of freshwater has caused a shortage of clean drinking
water. These global water stresses have left one billion people without clean drinking water and
approximately 2.3 billion people living in regions with water shortages [1]. Methods like water
conservation are not adequate to meet the increasing demand for clean water. In order to meet this
demand, water from alternate sources such as seas and oceans, and water reclamation have been
gaining attention. Membrane-based technologies have become a primary solution to address the
growing global water crisis. The most commonly used type of membrane in water filtration is
anisotropic membranes. They are layered structures that have a thin selective layer and a porous
support layer [2]. The selective layer is selected for the ability of the polymer to reject the solutes.
Polymer membranes are the first and most commonly commercialized membranes due to high
processability, good mechanical stability, and excellent transport properties. More recently,
modifications to the surface chemistry to increase the permeance and selectivity have been
undertaken [3]–[6].
The conventional method of making reverse osmosis membranes is interfacial
polymerization. The formation of the polyamide selective layer involves the interfacial
polymerization between an aqueous phase amine and organic phase acid chloride. The reaction is
self-limiting as the reaction happens at the interface of the two immiscible phases [7]. By the
conventional method of solvent casting, which is used to process polymers for several water
filtration applications, such as zwitterionic copolymers, there is no control of the thickness of the
selective layer [8]. The conventional methods of making membranes involve the immersion of the
support in solvent baths of organic solvent. This creates hazardous waste which is not
environmentally friendly.
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This thesis discusses the fundamentals of electrospray printing, its applications, and
polymers used for water filtration membranes processes. Electrospray printing is a versatile tool
that can be used for various materials within the domain of water filtration membranes. Several
polymers that are conventionally used for several water purification applications can be easily
printed. The advantages of the technology, such as uniform coating of large areas, inexpensive
equipment, operation at atmospheric conditions, and easy control of deposition rate and film
thickness by adjusting the voltage and flow rate, are applied to this field. Electrospray printing has
a lower environmental footprint than membranes made by conventional processes. This method
has the potential to be scaled-up and used for manufacturing of membranes. These advantages
have been harnessed in the processing of polymers used in water purification membranes are
described in this thesis.
The first application of electrospray printing discussed in this thesis is for studying
interfacial polymerization using different solvent media. There are several limitations to the
conventional process of interfacial polymerization process such as the limited tunability of
thickness and roughness due to reaction kinetics [9]. The electrospray set-up allows for the
tunability of the thickness of the selective layer by controlling the number of layers deposited.
This is done by coupling the rotation of the drum and the movement of the stage in the electrospray
printing apparatus. Using electrospray printing, the surface is smooth due to reaction happening at
a nanoscale on the substrate thereby reducing the fouling propensity of the membrane [7]. Due to
the reaction happening at a nanoscale, there is substrate independence and utilization of less
amount of solvents while printing. However, there was difficulty in obtaining consisting
electrospray polyamide printing with water which is conventionally used for the interfacial
polymerization reaction. Thus, alternate media to conduct the reaction was explored. The solvents
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were selected for their ability to be electrosprayed with high conductivity and low surface tension
[10]. It was observed that polar protic solvents formed membranes with moderate to high rejections
and polar aprotic solvents formed membranes with high permeance and low rejections. Different
polyamide structures may be formed by the different organic solvent media. This result can be
used to tailor polyamide structures for different applications while retaining the advantages of the
electrospray printing.
The second application was to electrospray print polymers that are difficult to process, such
as zwitterionic copolymers, into ultra-films [11]. The conventional method used to process these
polymers produced membranes without tunable thicknesses and high concentrations of copolymer.
Electrospray printing utilizes less copolymer thereby reducing the cost of the overall operations.
The thickness of the membrane selective layer was controlled by varying the concentration of the
copolymer in the solution and the number of layers deposited. This method utilizes less solvent
than the conventional method thereby reducing the footprint of the process. Using electrospray
printing, membrane selective layers with varying thicknesses were made using a random
copolymer of 2,2,2-trifluoroethyl methacrylate sulfobetaine methacrylate (PTFEMA-SBMA)
made by Dr. Ayse Asatekin’s lab at Tuft’s University [8]. These membranes have ~1 nm
nanochannels and showed rejections of molecules with diameters from 0.79 – 1.3 nm producing a
rejection curve for the selectivity of the layer. Membranes made by the conventional method 1.6 ±
0.06 µm and 5.9 LMH/bar water permeances. The membrane thicknesses varied from 0.36-727
nm with even the thinnest selective layer exhibited rejection of molecules greater than 1 nm in
diameter. These membranes showed high permeance values of 205 LMH/bar.
The third application discussed in this thesis is the ability of additive electrospray printing
to form thin films to make composite membranes. Several studies have been conducted on the

65

application of hydrophilic polymers on the surface of commercial membranes to decrease the
fouling propensity of the membrane and thereby increasing its lifetime [4], [12]–[14]. Ideally, there
should be no reduction in permeance of the composite membrane due to the mass transfer
resistance of an additional coating layer. However, most surface modifications to commercial
membranes reduced the permeance of the membrane [4], [11], [12], [14]. Thus, there exists a need
to produce an ultra-thin coating layer of a hydrophilic polymer with high water permeability to use
as anti-fouling coatings. Commercial membranes (BW30 and NF270) were used as substrates to
print an ultra-thin anti-fouling layer using zwitterionic copolymers to improve the lifetime of the
membranes. Theoretical calculations using the series resistance model showed that the composite
membrane showed no reduction in permeance due to the high permeability of the zwitterionic
copolymer and ultra-thin coating layers possible by electrospray printing. However, the actual
electrospray printed membranes exhibited much lower permeances than expected. For the NF270,
it was due to the organic solvent-polyamide interactions which reduced the number of hydrogen
bonds available to the water molecules for transport. This effect was mitigated by the addition of
a washing step as a post-treatment method. By reducing the hydrophobic solvent in the
electrospray printing solution, there was an increase of permeance observed for the BW30
membrane. Depending on the commercial membrane used as the substrate, the effect of the
electrospray printing solution can be mitigated. Further studies need to be studied to conducted on
the anti-fouling behavior of the coated membranes.
In these ways, this thesis demonstrates the versatility and applicability of the electrospray
printing technique for polymer processing for membrane applications. There are several
advantages of this process such as novel reaction conditions for tailorable properties, enhanced
processability of polymers, tunability of selective layer thicknesses, and the ability to form ultra-
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thin films on different substrates. Electrospray printing can be used to form selective layers as
shown in Chapters 2 and 3. It can also be used for post-reaction modifications such as coating layer
application as shown in Chapter 4 thereby having applicability in the entire membrane
manufacturing line. This process allows for easy scale-up from lab-scale to industrial scale due to
the simple set-up of the electrospray printing apparatus. This is a promising new technique for
making high-performance water filtration membranes using a variety of polymers.

5.1. References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

L. F. Greenlee, D. F. Lawler, B. D. Freeman, B. Marrot, and P. Moulin, “Reverse osmosis desalination: Water
sources, technology, and today’s challenges,” Water Research. 2009, doi: 10.1016/j.watres.2009.03.010.
R. W. Baker, Membrane Technology and Applications. 2004.
J. R. Du, S. Peldszus, P. M. Huck, and X. Feng, “Modification of poly(vinylidene fluoride) ultrafiltration
membranes with poly(vinyl alcohol) for fouling control in drinking water treatment,” Water Res., vol. 43, no.
18, pp. 4559–4568, Oct. 2009, doi: 10.1016/j.watres.2009.08.008.
G. Kang, M. Liu, B. Lin, Y. Cao, and Q. Yuan, “A novel method of surface modification on thin-film composite
reverse osmosis membrane by grafting poly(ethylene glycol),” Polymer, vol. 48, no. 5, pp. 1165–1170, Feb.
2007, doi: 10.1016/j.polymer.2006.12.046.
Y. Cui, X.-Y. Liu, and T.-S. Chung, “Ultrathin Polyamide Membranes Fabricated from Free-Standing
Interfacial Polymerization: Synthesis, Modifications, and Post-treatment,” Ind. Eng. Chem. Res., vol. 56, no. 2,
pp. 513–523, Jan. 2017, doi: 10.1021/acs.iecr.6b04283.
M. Zhou, H. Liu, J. E. Kilduff, R. Langer, D. G. Anderson, and G. Belfort, “High-Throughput Membrane
Surface Modification to Control NOM Fouling,” Environ. Sci. Technol., vol. 43, no. 10, pp. 3865–3871, May
2009, doi: 10.1021/es9003697.
M. R. Chowdhury, J. Steffes, B. D. Huey, and J. R. McCutcheon, “3D printed polyamide membranes for
desalination,” Science, 2018, doi: 10.1126/science.aar2122.
P. Bengani, Y. Kou, and A. Asatekin, “Zwitterionic copolymer self-assembly for fouling resistant, high flux
membranes with size-based small molecule selectivity,” J. Membr. Sci., vol. 493, pp. 755–765, Nov. 2015, doi:
10.1016/j.memsci.2015.07.025.
M. Elimelech and W. A. Phillip, “The future of seawater desalination: Energy, technology, and the
environment,” Science, vol. 333, no. 6043, pp. 712–717, 2011, doi: 10.1126/science.1200488.
J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong, and C. M. Whitehouse, “Electrospray ionization for mass
spectrometry of large biomolecules,” Science, 1989, doi: 10.1126/science.2675315.
Y.-L. Ji et al., “Novel composite nanofiltration membranes containing zwitterions with high permeate flux and
improved anti-fouling performance,” J. Membr. Sci., vol. 390–391, pp. 243–253, Feb. 2012, doi:
10.1016/j.memsci.2011.11.047.
A. C. Sagle, E. M. Van Wagner, H. Ju, B. D. McCloskey, B. D. Freeman, and M. M. Sharma, “PEG-coated
reverse osmosis membranes: Desalination properties and fouling resistance,” J. Membr. Sci., vol. 340, no. 1,
pp. 92–108, Sep. 2009, doi: 10.1016/j.memsci.2009.05.013.
R. Yang, J. Xu, G. Ozaydin-Ince, S. Y. Wong, and K. K. Gleason, “Surface-Tethered Zwitterionic Ultrathin
Antifouling Coatings on Reverse Osmosis Membranes by Initiated Chemical Vapor Deposition,” Chem. Mater.,
vol. 23, no. 5, pp. 1263–1272, Mar. 2011, doi: 10.1021/cm1031392.
S. Azari and L. Zou, “Using zwitterionic amino acid l-DOPA to modify the surface of thin film composite
polyamide reverse osmosis membranes to increase their fouling resistance,” J. Membr. Sci., vol. 401–402, pp.
68–75, May 2012, doi: 10.1016/j.memsci.2012.01.041.

67

